A new method for improving riding comfort by reducing vertical flexural vibrations in railway car bodies using piezoelectric elements is studied in this paper. Piezoelectric elements are attached on the car body in order to convert vibration energy to electrical energy, which can be dissipated in a shunt circuit. Assuming the car body as an elastically supported Bernoulli-Euler beam, theoretical analysis and numerical simulations are carried out. The numerical results are supplemented by experiments on a 1:5 scale model of a Shinkansen vehicle. Both numerical and experimental results indicate that the method yields significant vibration suppression with only a small amount of added weight. Two types of shunt circuits; a single-mode circuit and a multi-mode circuit are studied.
Introduction
The issue of flexural vibrations in rail vehicles is becoming more important than it ever was, since the demands on light weight in modern vehicles often contradicts the goal of high structural rigidity. The flexural vibrations may worsen the riding comfort significantly, particularly since the natural vibration modes often occur in the frequency region where riding comfort is most affected. Consequently, it is important to suppress these flexural vibrations to improve the riding comfort, without adding significant weight.
In order to handle the problem, some ideas have been proposed, for instance to paste a viscoelastic layer and a constraint layer on the car body (1) . Another suggestion is to tune the rigidity of the rubber bushes in traction links and anti-yaw dampers so that the bogies and wheels work as a dynamic vibration absorber (2) . One more approach is to use a heavy mass that is suspended, passively or actively, under the centre of the car body (3) . In this paper, a method for reducing flexural vibrations using piezoelectric elements attached on the car body is examined theoretically and experimentally. In the theoretical analysis, the car body is modelled as an elastically supported Bernoulli-Euler beam and some numerical simulations are carried out. The simulation results are supplemented by experiments on a 1 : 5 scale model of a Shinkansen vehicle.
Passive Vibration Suppression Using Piezoelectric Elements
Piezoelectric materials have the unique ability to strain when an electrical voltage is applied and to produce an electrical voltage when strained. Thus, they have the ability to transform electrical energy to mechanical energy and vice versa. In passive vibration suppression, a piezoelectric material (lead zirconate titanate (PZT) is used in this study) is bonded to a host structure and the electrodes of the piezoelectric element are shunted with some electrical impedance. The electrical impedance is designed to dissipate the electrical energy, which has been converted from mechanical energy by the piezoelectric element. If the shunt consists of an inductor and resistor in series, the shunt combined with the inherent capacitance of the piezoelectric element creates a damped electrical resonance. The resonance can be tuned so that the piezoelectric device acts as a damped vibration absorber (4) . A damped vibration absorber replaces a single structural mode with two highly damped modes.
Single-mode damping can be applied to reduce several structural modes with the use of as many piezoelectric patches (or sets of patches) and shunt circuits. This may cause problems, though, for example if the structure doesn't have sufficient room to accommodate all of the patches. In this case, there is also an opportunity to suppress multiple modes simultaneously using only one multi-resonant shunt circuit.
In this study, the piezoelectric elements are bonded to the floor of the car body near the longitudinal centre with the main dimensions in the longitudinal direction, since this placement gives the greatest authority over the first bending mode (5) . The first bending mode is normally the mode that has the largest amount of impact on riding comfort (6) . And two types of electric shunt circuits are studied; a single-mode shunt circuit which is tuned for a particular frequency, and a multi-mode shunt circuit for two-mode damping.
1 Actuation characteristics
Strain produced in a piezoelectric element by an applied voltage causes a load on the car body in the bonding surface. If the piezoelectric element is perfectly bonded to the car body, the load is equivalent to local external moments applied to the car body at the end points of the piezoelectric element (7) . The moment M p is proportional to the applied voltage and can be determined from the following equation (8) 
where t is the time variable, and the piezoelectric actuator constant K a is given by
u a denotes the voltage applied to the piezoelectric element, d 31 is a piezoelectric material constant relating voltage in the vertical direction to strain in the longitudinal direction, b p and E p denote the width and Young's modulus of the piezoelectric element, respectively, and z c is the vertical distance from the neutral axis of the car body to the midpoint of the piezoelectric element.
2 Sensor characteristics
An electrically equivalent model of the piezoelectric element is a capacitor C p in series with a strain dependent voltage source u p as shown in Fig. 1 (9) . Where Z s is the electrical impedance of the shunt circuit. If the piezoelectric element is bonded to the car body with end points located at x 2 and x 3 (see Fig. 3 ), the voltage produced in the piezoelectric element is
where the piezoelectric sensor constant is given by
ζ (x,t) = ∂ζ/∂x is the slope of the car body and C S p is the inherent capacitance of the piezoelectric element measured at constant strain.
Shunt Circuits
The voltage applied to the piezoelectric element is related to the produced voltage via the shunt circuit. If Z s is the electrical impedance of the shunt circuit the relation can be written
where ω is the angular frequency.
Short-circuiting the poles of the piezoelectric element result in u a = 0 at all times and not connecting the poles at all, called open circuit, correspond to an infinite resistance between the poles, causing u a = u p .
For passive vibration suppression of a single structural mode, the shunt circuit consists only of an inductor and a resistor in series (see Fig. 2 (a) ). The shunt circuit combined with the inherent capacitance of the piezoelectric element create a damped electrical resonance. When the resonance frequency is tuned at a certain mechanical natural frequency of the host structure, the piezoelectric device acts as a damped vibration absorber. Shunt circuits can also be made multi-resonant. For two-mode suppression, the serially connected resistor and inductor can be connected in parallel to a capacitor in series with another resistor and inductor, creating two electrical resonances ( Fig. 2 (b) ) (4) .
Model for Theoretical Analysis
For theoretical analysis, the car body is modelled simply as an elastically supported Bernoulli-Euler beam and the transfer matrix method (6) is applied to study the vertical vibration of the beam. Figure 3 shows the simulation model used here. Steady-state vibration is obtained via excitation by a force applied directly to the beam, at one of the ends.
Assuming that the beam deflects only in the vertical direction, the elastic deflection of a beam is described by the one-dimensional Bernoulli-Euler beam equation
where x is the longitudinal coordinate on the beam, ζ denotes the vertical displacement of the beam,
is the complex modulus of elasticity and E, I, η, ρ, A and j respectively denote Young's modulus, second moment of area, loss factor, mass density, cross-sectional area and the imaginary unit. For steady-state vibration, substituting ζ(x,t) = ζ(x)e jωt into the Eq. (6) yields the solution as following form.
where ξ 4 = (ρA/E * I)ω 2 , and D n (n = 1, 2, 3, 4) are unknowns, which are determined from the boundary conditions. The boundary conditions restrict vertical displacement, slope, shear force and bending moment.
Introducing the boundary conditions into Eq. (8) results in simultaneous equations, which can be written as
where D is a column vector with the unknowns in Eq. (8), B is a matrix with coefficients derived from the boundary conditions and F is a vector containing the external force Table 1 Dimensions of the scale model applied to the beam and the bending moment generated by the piezoelectric element. At a point of support, the beam can be divided into two parts and the solution (Eq. (8)) is applied to each of the parts, then 4 additional unknowns for each part and the same number of simultaneous equations are produced. Analogously, the beam can be divided further when a force or a moment is applied at an inner point of the beam.
By solving Eq. (9), the frequency response from excitation force to vertical acceleration, can be obtained as
whereζ ω and F ω are the magnitude of vertical displacement in steady-state vibration and the frequency dependent excitation force in the frequency domain, respectively.
Simulations and Experiments with Scaled Vehicle
In order to estimate the effectiveness of piezoelectric damping and to check the validity of the simulation model, a 1 : 5 scale model of a suspended Shinkansen vehicle is investigated experimentally and numerically, both without and with piezoelectric elements. Figure 4 shows the scale model, and Table 1 shows its dimensions. 
1 Simulations without piezoelectric system
First, measurements and simulations are carried out for the car body as it is, without piezoelectric elements attached. Measured frequency response function (FRF) is used to estimate data, such as bending rigidity and loss factor of the car body, spring constant and damping coefficient of air springs that support the car body. Figure 5 shows calculated and measured FRFs from excitation force to the acceleration near the floor centre. The figure shows that at the mode of vertical rigid body motion, at 6.5 Hz, and at the first bending mode, at 36.5 Hz, they agree well. Since the simulation model used in this study only takes into account global vibration modes, the local modes, appearing in the measured results at frequencies over 50 Hz, are not included in the calculations. For this reason, the damping of a local mode cannot be simulated.
2 Simulations with piezoelectric system
Calculations are made for the case with piezoelectric elements attached, short-circuited as well as with open circuit. These calculations are needed for tuning the parameters of the shunt circuits. Thereafter, simulations with tuned shunt circuits can be carried out and the effectiveness of the passive vibration suppression of the car body with piezoelectric elements can be estimated.
Since the main goal is to suppress the first bending mode, the single-mode damper is tuned for this mode and the piezoelectric element is placed at the centre of the car body. This placement, however, gives poor authority over the second bending mode and therefore the first and third bending modes are chosen as targets for the two-mode damper in the simulations. The third bending mode appears in the simulations at 196 Hz. Values of L, R, C in the shunt circuits shown in Fig. 2 are determined based on the Ref. (4) . Figure 6 demonstrates the simulation result for the case using the equivalent of a piezoelectric element (620 mm × 80 mm × 3 mm, 1.1 kg), equalling to approximately 0.4% of the car body mass. It is shown that the frequency response value is reduced at the first bending mode peak by 48% for the single-mode damper, and by 37% for the two-mode damper. The two-mode damper simultaneously reduces the frequency response value at the third bending mode peak by 43%. As a reference, if the single-mode damper is targeted at the third bending mode instead of the first, the peak value can be reduced by 53%. A single-mode damper tuned for the first bending mode would give a FRF equivalent to the open circuit case around the third bending mode peak.
3 Experiments with piezoelectric system
After attaching piezoelectric elements, measurements are made with short and open circuits as well as with single-and double-resonant shunt circuits.
The piezoelectric elements are attached under the floor of the car body, near the longitudinal centre, with the main dimension in the longitudinal, as shown in Fig. 7 . Eight piezoelectric elements (155 mm × 40 mm × 3 mm, 0.14 kg each), two rows of four elements placed on the side beams, are used instead of a element considered in simulation model, since it is generally difficult to manu- facture such elements that have very large size. Note that if n similar piezoelectric elements are connected in parallel to the same shunt circuit, they can be modelled electrically as one element with n times the capacitance of an actual element.
Since the third bending mode does not appear in the experiments, it cannot be targeted for the two-mode suppression, as it is in the simulations. However, the local mode at 76.2 Hz exhibits a mode shape suitable for the placement of the piezoelectric elements and is therefore targeted, together with the first bending mode. Figure 8 shows measurement test results. When applying the single-mode damper, the FRF peak value at the first bending mode is reduced by 43%. The two-mode damper reduces the FRF peak value at the first bending mode by 17% and the peak value at the local mode at 76.2 Hz by 12%, simultaneously.
4 Comparisons between simulations and experiments
The measured performance of the single-mode damper on the first bending mode is slightly poorer than the simulated performance. The main reason for the difference is probably that the simulation model is a very simplified representation of the actual scaled vehicle.
This becomes apparent when strain measurements show that the strain at the floor is much smaller than that calculated with classical beam theory. Even though the simulations are made with an adjusted neutral axis position (8 cm compared to 30 cm) to level the measured and calculated strain, it might influence the result since the correspondence with the assumptions of the Bernoulli-Euler beam theory worsens. Moreover, the inductance in the shunt circuit and the inherent capacitance in the piezoelectric elements are not completely ideal, and there seems to be some undesirable additional resistance in the resonance circuit, as only one damped peak occurs in the experiments, implying overdamping.
The performance of the two-mode damper cannot be simulated for both of the modes chosen as targets in the experiments, since one of them is a local mode. However, the FRF peak reduction of the first bending mode can be simulated with a shunt circuit, which has been tuned for the same and the local mode. These simulations show a reduction of the FRF peak value at the first bending mode of 37%, a far better result than that achieved in the experiments. The reasons for the difference are probably the same as for the single-mode damping case.
Conclusions
In this paper, a passive method for reducing flexural vibrations of railway car bodies using piezoelectric elements has been examined theoretically and experimentally by using a scale model of a Shinkansen vehicle. Piezoelectric elements are attached on the car body in order to convert vibration energy to electrical energy, which can be dissipated in a shunt circuit. Two types of shunt circuits; a single-mode circuit and a multi-mode circuit are studied here.
Structural vibrations of a rail vehicle car body can be reduced by piezoelectric elements. Experimental results using piezoelectric elements equalling approximately 0.4% of car body mass show that the peak value of FRF at the first bending mode frequency is reduced by 43% when applying the single-mode shunt circuit. The effectiveness of the vibration suppression depends on the placement, size and amount of piezoelectric elements. In general, the placement should be as far away from the neutral axis of the car body as possible.
Multimodal damping might prove valuable if several vibration modes appear in the comfort-sensitive frequency range. For a single mode, the multimode damper does not outperform the single-mode damper, but if there is a need for damping several modes, the multimode damper may be an advantageous alternative, as it can be implemented without adding more piezoelectric elements.
Because the passive piezoelectric damper in this study is not a broadband damper, but has to be tuned for certain frequencies, the effectiveness may be dependent on the running speed of the rail vehicle, since the vibration characteristics in frequency domain somewhat change the speed changes.
As the next step of this study, we are going to apply this method to an actual railway vehicle, and to carry out stationary excitation and running tests.
